In a humic-rich, Shallow lake (Lake Neusicdl), the seasonal dynamics of the humic and the nonhumic dissolved organic carbon (DOC) were investigated and the photochemical oxygen consumption rates of these DOC fractions exposed to surface solar radiation levels were compared with that of the bulk DOC and bacterial respiration. Furthermore, bacterial utilization of the humic, nonhumic, and bulk DOC pm-exposed to solar radiation was compared with utilization of the different fractions of DOC held in the dark prior to inoculating natural bacterial assemblages. The concentration of the unfractionated DOC pool ranged from -3 mmol C liter-' during summer to 1.3 mmol C liter-' in late spring. The mean contribution of humic DOC was 35.2% of bulk DOC. Under the full spectrum of solar radiation, photochemical oxygen consumption of the unfractionated DOC was 3.3 pmol O2 liter I h-l, 1.8 pmol 0, liter-' h I of the humic DOC, and 1.7 pmol 0, liter I h-l of the nonhumic DOC. In the absence of UVB, photochemical oxygen consumption was reduced by 35% in the unfractionated DOC, 38% in the humic, and 27.5% in the nonhumic DOC. Under the full spectrum of solar radiation, the photochemical oxygen consumption normalized to DOC was more than twice as high (2.83 pmol 0, mmol -I C h I) for humic than for nonhumic DOC. The bacterial oxygen consumption rate was -30% of the photochcmical oxygen consumption of the unfractionated DOC. In batch culture experiments with natural bacterial assemblages as inocula, the bacterial yield was generally higher with substrate exposed to the full spectrum of solar radiation than with substrate held in the dark prior to inoculation. Exposure of O.&pm filtered water to the full spectrum of surface solar radiation for 2-3 h resulted in a decline in activity (measured by thymidine incorporation) to 47% of the activity measured in the dark. If UVB was excluded, bacterial activity was 62% of that in the dark. Subsequent incubation at 5-20-cm depth under in situ radiation for another 2-3 h resulted in bacterial activity similar to that detected in the dark incubations at the surface. Bacteria exposed to the full range of solar radiation at the surface and incubated subsequently in the dark exhibited significantly lower activity than bacteria exposed to in situ solar radiation in distinct depth layers. This result indicates that bacteria rapidly recover from previous UV stress in the absence of UVB. Based on our results, we estimate that the photooxidation-mediated residence times in the top 5-cm layer of the water column are 90 and 45.5 d for the nonhumic and humic fractions and 75 d for unfractionated DOC. For the entire water column, -10% of the remineralization activity (bacterial respiration + photochcmical oxygen consumption) is due to photooxidation of the DOC, and the mean residence time of DOC is -80 d. 
highly diverse, and the microbial availability of the different components of this pool ranges from hours for free amino acids (Fuhrman 1987) to thousands of years for the most refractory components in the deep sea (Williams and Druffel 1987) . Molecular size distributions of the DOM pool in both freshwater and marine systems revealed that the low-molecular-weight DOM fraction (< 1,000 Da) is the least bioavailable, whereas the high-molecular-weight fraction with a high polysaccharide component is most labile (Tranvik 1990; Amon and Benner 1994) .
Humic substances are a characteristic component of the DOM pool in freshwater and marine systems (Aiken 1985; Thurman 1985; Lara et al. 1993 ). There are a number of methods available to isolate humic substances from bulk DOM, each with specific advantages and limitations (Aiken 1985; Aiken et al. 1992; Lara and Thomas 1994) . Despite analytical problems due to the diverse nature of humic material (Town and Powell 1993) , there is consensus in the literature that humic matter is generally a poor substrate for bacterioplankton and that the turnover of humic substances is low compared to the nonhumic DOM (Tranvik 1989 ; within the Phragmiles au.stralis reed belt (in gray). Open, reedless areas of the lake appear in white. Jones 1992; Wetzel 1992; Weuel et al. 1995) . One of the characteristic features of humic substances is their ability to absorb light efficiently, particularly in the UV range (DeHan 1993) . Thus, the attenuation of light is usually higher in freshwater systems due to the higher concentration of DOM, and particularly humic matter, than in marine systems (Kirk 1994; Morris et al. 1995) .
The absorbance of UV radiation by humic matter leads to the release of photolytically cleaved low-molecular-weight organic compounds that might serve as an easily utilizable substrate for bacteria (Kieber et al. 1989 (Kieber et al. , 1990 Mopper et al. 1991) . Exposure to near-surface levels of solar radiation, however, has been shown to reduce bacterioplankton activity (Hand1 et al. 1993) . Thus, solar radiation might provide easily metabolizable DOM, which is probably not taken up efficiently in these near-surface layers because bacterioplankton are severely inhibited.
The aims of this study were (1) to compare photochemical oxygen consumption in humic and nonhumic matter separated by XAD chromatography with photochemical oxygen consumption in bulk dissolved organic carbon (DOC), (2) to differentiate between photochemical oxygen consumption mediated by the full spectrum of solar radiation and by solar radiation where UVB (280-320 nm) has been excluded in the different DOC fractions, (3) to determine bacterial utilization of fractionated DOC exposed to near-surface solar radiation, and (4) to evaluate the overall effect of solar ram d&ion on the interaction between bacterioplankton and DOC in a mixed water column.
Materials and methods
Sampling locution-The watw amples were taken irum the small open pond "Rater Poschn" within the reed belt of Lake Neusiedl (47"42'N, 16"46'E, Fig. l) , a shallow brown-water lake m central txropc (I '5 m above sea level, surface area 321 km', max. depth 1.8 m, mean depth 1.1 m, pH 8.5-9.1) (LGffler 1979) . About 55% of the lake area is covered by a Phragmites australis reed belt (178 km:) that contains numerous open ponds of variable sire (Fig. 1) . Due to the shallowness of Lake Neusiedl, the water temperature rises up to 28°C during summer. Continuous resuspension of the sediment caused by winds and currents results in a high concentration of suspended solids in the water column (Secchi depth -0.2 m), During winter, when the lake is ice covered for -2-3 months, the concentration of suspended solids declines due to reduced turbulence and sediment rcsuspension. The water level of the lake is controlled by precipitation (500-700 mm a ') and evaporation. Openings within the reed belt, such as the sampling site, the Ruster Poschn (surface area 40,000 m-l) (Fig. 1 ) are more sheltered from wind-induced mixing and sediment resuspension and exhibit a higher transparency (Secchi depth -0.6 m), A more detailed description on the limnology of the lake is given in LRffilx (1979) .
Sampling-Water samples were taken from 0.5-m depth using combusted (450°C for 4 h) 5.liter glass bottles rinsed with lake water from the sampling site just before collecting the sample. Sampling was performed at daily to approximately 2.weekly intervals between May 1995 and April 1996. Concurrently with the sampling, water temperature at the site was measured. On 9 and 10 September 1995 and on 23 May 1996, respectively, the radiation regime of the water column was measured with a Biospherical PUV 500 radiometer. The water sample was stored in an insulated box in the dark and brought back to the laboratory (Biological Station Illmitz) within 30 min.
Upon return to the laboratory, the sample was split and 3.5 liters of the water was filtered through combated (450°C for 4 h) Whatman GF/F glass-fiber filters (IOO~mm filter diameter) and subsequently rinsed through (100 ml of double-distilled water) 0.2.pm pore-size Millipore polycarbonate filters (47.mm filter diameter). The pH of the water was then measured, and 10 ml of the unfractionated sample was acidified (described below) for subsequent DOC analysis. Glassware used for the subsequent treatment of the water (as described below) was thoroughly acid washed (in I N HCl), rinsed with double-distilled water, and combusted (450°C for 4 h).
Two liters of the remaining 0.2.pm filtered water was frectionated into a humic and a nonhumic fraction using macroporous Amberlite XAD-8 resin as described below. Three different experimental approaches were used to compare hu mic and nonhumic DOC with unfractionated DOC. All experiments were performed during cloudless or only slightly overcast conditions.
Comparison between the photochemicul oxygen consumption by humic, nonhumic, and unj'raIctionated DOC and bacterial respiration-Unfractionated water as well as the hw mic and nonhumic fractions of the DOC were incubated in quartz biological oxygen demand (BOD) bottles (-120 ml) and incubated in situ in a floating tray under surface solar radiation levels (about half of each bottle was above the water level, the remaining part submerged to up to 3-cm depth) around noon for 4-8 h. Each DOC fraction (humic, nonhumic, and unfractionated) was exposed in quadruplicate to three different radiation regimes: the full wavelength range of solar radiation, solar radiation with UVB excluded by wrapping the quartz BOD bottles in Mylar D foil, and BOD bottles wrapped in aluminum foil (dark control). For comparison, bacterial respiration was measured in BOD bottles wrapped in aluminum foil and filled with O.&pm filtered water (Millipore, polycarbonate, 47-mm filter diameter). Filtration through O.&pm filters was performed to separate bacterioplankton from other microbial components in the water. Filtration through the O.&pm pore size caused a reduction in bacterial abundance by less than 30%. Incubations for bacterial respiration measurements were performed in triplicate.
Role of solar radiation on utilization of humic, nonhumic, and unfractionated DOC-For each treatment, unfractionated, humic, and nonhumic DOC was split and half of the volume transferred into 1.5liter wide-mouth glass pans and exposed to surface solar radiation. These pans were covered by a polyethylene foil that allows transmission of the entire UVB range. The other half was held in the dark wrapped in aluminum foil to serve as a control. Before and after incubation in the floating tray at in situ temperature around noon for 4-8 h, subsamples of water were taken to measure absorbance and DOC concentration. Thereafter, 900 ml of the exposed water and the dark control of each of the different treatments were transferred into Erlenmeyer flasks and inoculated with 100 ml of 0.8-pm-filtered (Millipore, polycarbonate, 47-n-m-1 filter diameter) water from the sampling site (held in the dark prior to inoculation). These batch cultures were held in the dark at in situ temperature, and subsamples were taken to determine bacterioplankton abundance and the absorbance of the DOC fraction at -8-h intervals for a total period of 60-80 h.
Influence of solar radiation on bacterial activity and the potential role of water column mixing-Unfractionated water was filtered through 0.8-pm filters (Millipore, polycarbonate, 47-mm filter diameter) to remove all the phytoplankton and most of the potential bacterivores. This water was incubated around noon for 2-3 h in quartz tubes (250 ml capacity, stoppered at both ends with sterile silicone stoppers) in a floating tray at in situ conditions. Bacterioplankton were exposed to three different radiation regimes: full surface solar radiation, solar radiation where UVB was shielded by wrapping a Mylar D foil around the quartz tube, and dark conditions (wrapped in aluminum foil). Before and immediately after the incubation, bacterial activity was measured by thymidine incorporation (described below). Thereafter, water samples exposed to different regimes of surface solar radiation were split and transferred to smaller quartz tubes (50 ml capacity), placed at 5-20-cm depth and exposed to the radiation regime at the respective depth for another 2-3 h to mimic superficial mixing of the water column. In three out of five experiments, samples exposed to the full range of surface solar radiation were split and one-half exposed to the natural radiation regime of the respective depth. The remaining half was wrapped in aluminum foil to serve as a dark control. Comparison of bacterial activity in the sample held in the dark and the sample exposed to the natural radiation regime allowed us to determine the influence of radiation on bacterial recovery from the previous UV stress. As indicated by the PUV measurements (data shown below), almost no UVB penetrates to depths below 10 cm. All the quartz tubes were incubated horizontally in order to ensure identical radiation regimes throughout the tube. After incubating the quartz tubes in distinct water layers, bacterial activity was measured again. A total of five experiments between July and September 1995 were performed.
Fractionation of DOC-Two liters of the 0.2-pm filtered water was adjusted to pH 2 with 6 N HCl and fractionated into humic and nonhumic DOC using Amberlite XAD-8 resin according to the method outlined in Aiken (1985) and Moran and Hodson (1990) . Briefly, the acidified water was passed through a column filled with Amberlite XAD-8 resin and subsequently eluted with 200 ml of 0.1 N NaOH. In this paper we define humic DOC as DOC retained by the macroporous resin at pH 2 and subsequently eluted with 0.1 N NaOH. Previous studies have shown that the humic fraction isolated with Amberlite XAD-8 is similar to those isolated by other methods (see also discussion). Both the DOC fraction not retained by the XAD-8 resin (considered to be the nonhumic DOC) and the eluted fraction of the XAD-8 resin were adjusted to pH 10 and passed through a cationic exchange column filled with Amberlite IR-118H. Water flow through the columns was adjusted to rate of -15 ml min-l. The humic and the nonhumic DOC were readjusted to natural pH with 6 N HCl and 2 N NaOH and brought up to the original volume of 2 liters with 0.2-pm filtered double-distilled water. Thereafter, samples for DOC analysis were taken from the humic and the nonhumic fraction as well as from double-distilled water, acidified to pH 2 with 50 ~1 of 6 N HCl, and stored frozen (-2O"C), together with the acidified unfractionated sample, in combusted glass scintillation vials until analysis. Acidification of the water before freezing the samples prevented precipitation and flocculation and therefore greatly improved the reproducibility of replicate measurements. Between different samples, the XAD-8 resin was washed with 200 ml of 0.1 N NaOH and thereafter with 200 ml 0.01 N HCl; subsequently, the column was rinsed with 500 ml double-distilled water. A lo-ml fraction of the double-distilled water was collected and its DOC concentration compared with the initial DOC concentration of the double-distilled water. The increase in DOC concentration during rinsing of the column was generally below 30 PM, indicating that bleeding of the resin was negligible.
Enumeration of bacteria-Six-milliliter subsamples were fixed with 2% (vol/vol, final concn) concentrated formalin. Depending on the bacterial abundance, 2-6 ml were used to enumerate bacterial abundance by either acridine orange (Hobbie et al. 1977) or, more frequently, by DAPI staining (Porter and Feig 1980) and epifluorescence microscopy at 1,250X magnification. Bacteria were enumerated on duplicate subsamples. At least 300 bacteria were enumerated per filter. (Fuhrman and Azam 1982) . Five-milliliter subsamples were incubated in triplicate with two formalin-killed controls for 20-30 min at in situ temperature in the dark. After incubation, subsamples were filtered onto cellulose nitrate filters (Millipore, 0.45 ,um, 25-mm filter diameter) and rinsed three times with 5% chilled trichloroaetic acid for 5 min. Radioactivity of the filters was assessed after adding 1 ml ethylacetate (Riedel de Haen) and 8 ml scintillation cocktail (Packard Insta-gel). After allowing the samples to sit for 10 h in the dark, radioactivity was measured using a Packard Tri-Carb 2000 scintillation counter with an external standard ratio technique for sample quenching. Thymidine incorporation into the bacterial cells was converted into bacterial cell production using the conversion factor of I. 1 X lOI cells produced mol -I TdR (Riemann et al. 1990; Berger et al. 1995) .
Oxygen consumption measurements-Photochemical oxygen consumption and bacterial respiration were determined in quadruplicate and triplicate, respectively, from the decline in oxygen concentrations in quartz BOD bottles. The oxygen concentration was determined by micro-Winkler titration as described in Pomeroy et al. (1994) . Over the entire incubation period, the decline in the dark controls for the photochemical oxygen consumption measurements was less than 0.8% of the initial oxygen concentration. Dark oxygen consumption was subtracted from the photochemical oxygen consumption in the exposed BOD bottles.
DOC-The acidified samples were thawed and the DOC content was determined using a Shimadzu TOC-5000 after sparging the samples with CO,-free air. Standards were prepared with potassium hydrogen phthalate (Kant0 Chemical). A platinum catalyst on quartz was used (Benner and Strom 1993) . All DOC analyses were performed at least in duplicate. Absorbance of DOC-Before and after the exposure of the DOC samples to different radiation regimes and subsequently, during bacterial growth in the batch cultures, the absorbance characteristics of the DOC were measured. Absorbance was measured against distilled water at 365 and 250 nm using a Beckman 640-I and a 5-cm light path (Lindell et al. 1995) .
Radiation measurements-Surface solar radiation and the radiation regime in the water column were measured using a PUV 510 (Biospherical Instruments, for surface solar radiation) and a PUV 500 radiometer (for underwater radiation). Both instruments measure single wavelengths in the UVB (305, 320 run) and UVA range (340, 380 nm). Additionally, PAR (photosynthetic active radiation, 400-700 nm) was measured with the same instruments.
Results
Light penetration into the water column- Figure  2 shows a typical radiation regime of the study site. The 10% level of surface radiation was at 5-cm depth for 305 nm, at 8 cm for 320 nm, at 17 cm for 340 nm, and at 30 cm for 380 nm (Fig. 2) . For the PAR range the 10% level was at 82-cm depth.
Dynamics of the DOC pool and the photochemical oxygen consumption-The unfractionated DOC pool varied seasonally with highest concentrations during the summer (3.17 mmol C liter-I) and declined continuously until late spring when the lowest DOC concentration (1.32 mmol C liter I) was detected (Fig. 3) . The recovery of the fractionated DOC (i.e. the sum of the humic and the nonhumic DOC) was, on average, 94.2 + 8.12% (mean 2 SD; range, 83.9-112.1; n = 17). The recovery was rather high, but the sum of the fractionated DOC was significantly lower than the concentration of the unfractionated DOC (Wilcoxon, F = 0.019). The mean contribution of the humic fraction to the DOC pool was 35.2% (SD = 5.4; range, 23-45.3%; n = 17), increased from the summer to the fall, and declined thereafter (Fig. 3) . In terms of carbon, mean humic DOC concentration was 0.72 2 0.19 mmol C liter-' (range, 0.4-l .05 mmol C liter-'; n = 17), while the concentration of the nonhumic DOC fraction ranged from 0.77 to 2.12 mmol C liter-' (mean + SD = 1.33 ? 0.35; n = 17). The range between the lowest and the highest concentrations measured was slightly higher in the nonhumic fraction (2.8 times) than in the humic fraction (2.5 times) (Fig. 3) . The concentrations of the humic and nonhumic DOC were only weakly correlated (nonhumic DOC = 0.939 X humic DOC + 0.659; r = 0.510, P < 0.05, n = 17).
Under the full spectrum of solar radiation (UVB + UVA + PAR), the photochemical oxygen consumption rate in the unfractionated DOC ranged from 1.87 to 5.69 pm01 0, liter-' h -' (mean + SD = 3.3 + 1.02 pmol 0, liter-' h ', n = 10). No significant difference was detectable between the photochemical oxygen consumption rate of the unfractionated and the sum of the humic + nonhumic DOC (Wilcoxon, P = 0.208, n = 10) (Fig. 4A) . The sum of the photochemical oxygen consumption rate of the humic and the nonhumic DOC was 107.3 L 12.6% (range, 88-134.6%; n = 10) of the photochemical oxygen consumption rate of the unfractionated DOC. The photochemical oxygen consumption rate of the humic DOC was, on average, 1.8 ? 0.62 ,zmol 0, liter-I h ' (range, 1 .O-3.07; n = lo), while the mean photochemical oxygen consumption rate of the nonhumic DOC amounted to 1.67 + 0.63 ,umol 0, liter-' h-' (range, 0.5-2.79; n = 10). The concentration of the humic DOC contributed, on average, only 35.2% to the sum of humic + nonhumic DOC (Fig. 3) . The mean photochemical oxygen consumption rate of the humic DOC under full solar radiation, however, was 52.4 L 13.6% (range, 31.4-76.5; n = 10) of the photochemical oxygen consumption rate of the humic + nonhumic fraction (Fig. 4A) . No significant relationship was detectable between the concentration of the DOC in the different fractions and the photochemical oxygen consumption rates, probably because of variable solar radiation. Moreover, no clear seasonal trend was detectable (Fig.  4A) .
In the absence of UVB, the photochemical oxygen consumption rate was reduced by -35% in the unfractionated DOC, by 38% in the humic, and 27.5% in the nonhumic fraction (Fig. 4B) . The photochemical oxygen consumption rate of the unfractionated DOC was, on average, 2.16 + 0.65 pm01 0, liter-' h -' (range, 1.25-3.53 pmol 0, liter-' h '; n = 9). The sum of the photochemical oxygen consumption rates of the humic and the nonhumic DOC amounted to 110 + 29.5% (range, 70.3-176.9%; n = 9) of the unfractionated DOC. This difference, however, was not significant (Wilcoxon, P = 0.515). The photochemical oxygen consumption rate of the humic DOC was, on average, 1.11 L 0.45 pmol 0, liter-' h-I (range, 0.40-1.82 pmol 0, liter-' h-l; n = 9) and for the nonhumic DOC 1.21 + 0.54 pmol 0, liter ' h -l (range, 0.62-2.21 pm01 0, liter ' h-'; n = 9). While the photochemical oxygen consumption rate of the humic fraction contributed 52.4% to the oxygen consumption rate of the humic + nonhumic DOC under full solar radiation, the contribution of the humic fraction to the photochemical oxygen consumption rate of the humic + nonhumic fraction declined in the absence of UVB to 47.9 + 13.6% (range, 24-70.8%; n = 9) (Fig. 4B) . Again, highest rates were obtained for August, although no distinct seasonal trends were detectable (Fig. 4B) .
As shown in Fig. 5A , under the full spectrum of solar radiation the photochemical oxygen consumption per mol DOC was, on average, more than twice as high in the humic fraction (2.83 2 1.49 pmol 0, mmol -' C h-' ; range, 1.40-5.59; n = 10) as in the nonhumic fraction (1.14 -+ 0.59 pm01 0, mmol-' C h '; range, 0.39-2.24; n = 10) (Fig. 5A) . The photochemical oxygen consumption in the unfractionated DOC was 1.44 + 0.59 pmol 0, mmol-' C h -' (range, 0.70-2.35; n = lo), significantly lower (Wilcoxon, P = 0.005, n = 10) than in the humic fraction. The dark oxygen consumption rate per mol DOC in the 0.8-t,cm filtered water, considered as predominantly bacterial respiration, was only -30% of the photochemical oxygen consumption rate of the unfractionated DOC and only 16.5% of the photochemical oxygen consumption rate in the humic DOC. The oxygen consumption rate of the 0.8-pm filtered water was 0.42 +. 0.32 pm01 0, mmol-' C h-' (range, 0.03-0.85; n = 7) (Fig.  5A ). Bacterial abundance in the 0.8-t,cm filtered water varied between 4 and 8 X lo7 cells ml ' (data not shown).
In the absence of UVB, the photochemical oxygen consumption rate of the humic DOC was 1.58 2 0.78 pmol O2 mmol-' C h .I (range, 0.74-2.88; n = 9) and therefore about twice as high as in the nonhumic fraction of the DOC (0.81 t 0.39 pm01 0, mmolll C h-l; range, 0.49-1.77; n = 9). Only on one occasion was the photochemical oxygen consumption of the nonhumic DOC higher than in the humic fraction (Fig. 5B) . Considerable variations in the photochemical consumption rates were detected between consecutive days (Fig. 5) , most probably reflecting changes in the radiation intensities (see below).
Exposure of the 0.2-pm filtered water to solar radiation not only resulted in photochemical oxygen consumption, but led also to an increase in the absorbance ratio (250 : 365 nm; Table 1 , Fig. 6 ). Before exposing the different fractions of the DOC to surface solar radiation, the absorbance ratio ranged from 4.74 to 5.64 (5.22 + 0.34, n = 5) for the humic and from 9.44 to 10.39 (9.94 t 0.38, n = 5) for the nonhumic DOC. The absorbance ratio of the unfractionated DOC was, on average, 6.55 L 0.59 (range, 6.03-7.60;.n = S) (Table 1) . After exposure, the absorbance ratio of the nonhumic fraction increased more than for the humic and unfractionated DOC (Table 1, Fig. 6 ). The increases in absorbance ratio upon exposure to solar radiation in the humic and unfractionated DOC were not significantly different (Wilcoxon, P = 0.345, n = 5). Role of solar radiation on the utilization of humic, nonhumic, and unfractionated DOC-Inoculation of a 0.8-pm filtered natural bacterial community following exposure to solar radiation led to a continuous decline in the absorbance ratio of the nonhumic DOC (Fig. 6 ). Substrate exposed to the full spectrum of solar radiation generally yielded significantly higher bacterial abundance than substrate held in the dark prior to inoculation of natural bacterial assemblages (Fig. 7, Table 2 ; Wilcoxon, P = 0.043). Higher bacterial yields in cultures with substrates exposed to solar radiation were most pronounced in the unfractionated DOC (145 5 22% of the bacterial yield of the dark controls, n = 5) and least pronounced in the nonhumic fraction (116 L 10% of the dark controls, n = 5) ( Time (h) Fig. 6 . Typical example (from 16 May 1995) of the course of the absorbance ratio (250 : 365 nm) in 0.2-pm filtered water of humic (indicated by triangles), nonhumic (circles), and unfractionated DOC (squares). Open symbols indicate treatments exposed to the full spectrum of solar radiation for 7 h; full symbols are for dark controls. After exposure to solar radiation, the different treatments were inoculated with a freshly collected 0.8-pm filtered bacterial community (indicated by an arrow on the x-axis). Note that during the course of bacterial growth the absorbance ratio decreased continuously in the nonhumic fraction of DOC. Fig. 7 . Development of bacterial abundance in a typical batch culture experiment with either humic (triangles), nonhumic (circles), or unfractionated DOC (squares) as substrate. Open symbols indicate bacterial abundance in treatments exposed to solar radiation (for 7 h) prior to inoculating the bacterial community; full symbols represent bacterial abundances in treatments held in the dark prior to inoculation. abundance, however, the yield in the nonhumic fraction was higher in four out of five experiments ( Table 2) .
Influence of solar radiation on bacterial activity and the potential role of mixing-Exposure of 0.8-pm filtered water to surface solar radiation levels for 2-3 h led to a decline in bacterial activity as compared to dark incubations (Fig. 8) . Bacterioplankton exposed to the full spectrum of solar radiation exhibited, on average, 47.2 2 15.9% of the activity measured in the dark. If UVB was excluded, bacterial activity was 62.3 + 18.0% of the activity in the dark (Fig. 8) . A deviation from this general pattern was detectable only on 9 September when the sky was completely overcast. In order to investigate the role of mixing processes of the water column on bacterial activity following UV exposure, the water samples exposed to surface solar radiation were subsequently incubated in the water column at 5-20-cm depth for another 2-3 h. As shown in Fig. 2 , the 5-cm depth layer represents approximately the 10% radiation level of the 305-nm wavelength, and the 20-cm depth layer roughly corresponds with the 10% radiation level of the 340-nm wavelength. While bacterial activity in the dark controls declined during the subsequent incubation at depth following surface layer incubation (exception 9 September) (Fig. S) , bacteria previously exposed at the surface to either the full range of solar radiation or to UVA + PAR exhibited similar activities in the deeper layers (Fig. 8) . Bacteria that were exposed to the full range of solar radiation at the surface and incubated subsequently in the dark exhibited significantly lower activity (Wilcoxon, P = 0.068, n = 4) than bacteria exposed to in situ solar radiation in the distinct depth layers (Fig. 8) .
Discussion
Humic substances can only be operationally defined (Aiken 1985) . In this study we used Amberlite XAD-8 to separate the hydrophobic acid fraction-in this paper referred to as the humic DOC-from the bulk DOC. According to Aiken et al. (1992) , this is not strictly correct because aliphatic carboxylic acids and one-and two-ring phenols are also retained by XAD-8 and are eluted at pH 10-12. Despite these problems, XAD-8 has been widely used to separate humic substances from the aquatic environment and soils (Aiken 1985; Amador et al. 1990; Lara and Thomas 1994) . Recently, Hejzlar et al. (1994) , comparing different extraction methods for humic substance from soils, have shown that the NMR 'spectra of the humic fraction isolated by Amberlite XAD-8 is very similar to that obtained with other methods. Town and Powell (1993) , however, have shown by gel-permeation chromatography that larger molecules are present in the humic fraction isolated with Amberlite XAD-8 than in the unfractionated sample. Our data (Fig. 3) indicate that the recovery efficiency was high (94.2 ? 8.1% of the unfractionated DOC), indicating that bleeding of the resin or retention on the XAD-8 resin after elution with 0.1 N NaOH caused no major problems. At Lake Neusiedl, day-to-day fluctuations of the DOC concentrations in the water column can be high (compare dates 20 and 25 July and 6 and 7 August 1995; Fig. 3 ). These comparatively large fluctuations are most likely Table 2 . Summary of bacterial batch culture cxpcrimcnts. The maximum bacterial abundance of each experiment is given for nonhumic, humic, and unfractionated DOC exposed to the full spectrum of solar radiation for 4-8 h around noon and incubated at in situ temperature in the dark. For comparison, the maximum bacterial abundance in the corresponding control incubations with water kept in the dark is also shown along with the % bacterial yield of the water exposed to solar radiation as compared to the dark treatment.
Nonhumic
Humic Unfractionated DOC Exposed Dark Exposed Dark Exposed Dark Date (N X 10' ml-') % dark (N X lo5 ml -I) (N X lo5 ml I) % dark (N X lo5 ml ') (N X lo5 ml -I) % dark (N X 10" ml ') ; the full circle represents the bacterial activity in the sample incubated in the dark (wrapped in aluminum foil). After incubation at the surface, the samples were transferred to distinct depths and exposed to specific radiation regimes for variable periods of time (2-3 h; indicated in each panel along with the date of the experiment). Thereafter bacterial activity was mcasurcd again. Additionally, samples exposed to the full spectrum of solar radiation at the surface were split, and one sample was exposed to a specific radiation regime at a given depth while the other sample was incubated in the dark at the respective depth (indicated by crossed circles) to determine the role of radiation on recovery of bacterial activity from UV stress (for further details, see materials and methods).
caused by release of pore water from the sediment due to wind-induced resuspension. Nevertheless, general trends are still detectable. As shown in Fig. 3 , the concentration of unfractionated DOC declines from summer to winter and early spring. This decrease is caused by a decline in nonhumic DOC from August to the end of November. During the winter, the humic fraction declines rapidly as indicated by the decrease in the contribution of humic DOC from 45% in November to 34% at the end of April (Fig. 3) . The lake was ice-covered from the end of December to the end of March, and therefore wind-induced resuspension was eliminated and input of DOC from allochthonous sources were negligible (Reitner et al. in prep.) . We do have evidence that the observed decline in DOC (and especially its humic fraction) during winter is actually caused by bacterial consumption (Reitner et al. in prep.) . From spring to summer, DOC concentration in the water column increases, probably due to leaching of DOC from the reed P. australis that sustains high net primary production (500-3,000 g C rnp2 yr-I) (Kvet and Husak 1978) .
In this study, photochemical oxygen consumption of the 0.2-pm filtered water was measured in quartz BOD bottles while most of the other studies used glass bottles of variable quality, such as Pyrex, which attenuated most of the UVB (Lindell and Rai 1994; Amon and Benner 1996) . Our photochemical oxygen consumption rates are on the higher end of those reported in the literature (Miles and Brezonik 1981; Lindell and Rai 1994; Amon and Benner 1996) . Moreover, the DOC concentrations of Lake Neusiedl are comparatively high, ranging from 1.32 to 3.17 n&l. It has been shown that photochemical oxygen consumption is directly dependent on DOC concentration (Miles and Brezonik 198 1; Lindell and Rai 1994; Amon and Benner 1996) . In our study, however, this direct relationship could not be established, probably due to tlie variable irradiance over the annual cycle.
The sum of the photochemical oxygen consumption rates of fractionated DOC (humic + nonhumic DOC) is only slightly higher than that of unfractionated DOC (Fig. 4) . Under the full spectrum of solar radiation, photochemical oxygen consumption rates amounted to 107% of unfractionated DOC (Fig. 4A) . In exposures where UVB was excluded, the sum of the photochemical oxygen consumption rates of humic and nonhumic DOC was, on average, 110% of the unfractionated DOC (Fig. 4B ). This agreement indicates that the extraction procedure of humic and nonhumic DOC with associated pH changes did not strongly affect photochemical oxygen consumption rates. In this study, we did not measure the decline in DOC concomitantly with the oxygen consumption. Amon and Benner (1996) reported consumption ratios of DOC : 0, of 1.11-l. 14. The linkage between pho-tochemical oxygen consumption and DOC decline is still largely unknown. It has been shown that radical formation might consume molecular oxygen (Backlund 1992; and that these radicals may act as photosensitizers for DOC oxidation (Moffett and Zafiriou 1990) . Several authors have attributed at least part of the photochemical oxygen consumption to photochemical decarboxylation (Miles and Brezonik 1981; Miller and Zepp 1995) , which could be one of the major reactions involved in photochemical mineralization of natural DOC.
Photochemical oxygen consumption rates normalized to DOC are significantly higher for the humic fraction (Fig. 5A ) than for nonhumic and unfractionated DOC, respectively. Figure 5 indicates that the major portion of photochemical oxygen consumption is due to UVA and probably PAR. For the humic fraction, 38% of the photochemical oxygen consumption is due to UVB radiation; for the nonhumic fraction, UVB contributes only 27.5% to the photochemical oxygen consumption. These findings are in contrast with the conclusion of DeHaan (1993 DeHaan ( , p. 1075 ) that "photodegradation of aquatic humic substances is mainly caused by UV light between 302 and 320 nm." A higher photochemical oxygen consumption normalized to the DOC of the humic fraction is also suggested by the generally low absorbance ratios 250 : 365 nm for humic DOC (Fig. 6) . The low absorbance ratio of the humic fraction indicates a higher absorbance in the UVA range (365 nm) of the humic, as compared to the nonhumic, fraction. This ratio increases upon exposure to solar radiation, which most likely reflects a shift in molecular weight distribution toward smaller molecules (Strome and Miller 1978; DeHaan 1993) . In our study we observed this increase in the absorbance ratio 250 : 365 nm of humic and nonhumic DOC as well as of unfractionated DOC (Table 1 ). The increase in the absorbance ratio, however, was significantly higher for the nonhumic fraction than for the unfractionated DOC.
It has been shown that low-molecular-weight substances .formed by photodegradation of DOM include formaldehyde, acetaldehyde, glyoxalate, and pyruvate (Kieber et al. 1990; Mopper et al. 1991; Zepp et al. 1995) that are thought to be efficiently used by natural bacterial assemblages. Recently, several studies have shown that DOM exposed to solar radiation yields higher bacterial abundance (or production) than does DOM held in the dark prior to inoculation with bacteria (Lindell et al. 1995; Wetzel et al. 1995) . In the present study, abundance of bacteria cultured on unfractionated DOC exposed to the full spectrum of solar radiation is -46% higher than the maximal yield from unfractionated DOC held in the dark. The corresponding percentage is 32% for humic DOC and 16% for nonhumic DOC (Table 2) . Thus, we might conclude that photodegradation of humic substances is the major source of elevated bacterial growth, although, upon exposure to solar radiation, the absorbance ratio 250 : 365 nm increased more in the nonhumic as compared to the humic fraction (Fig. 6) . Clearly, more work is needed to elucidate the relationship between the absorbance ratio and the bacterioplankton availability of the photochemically altered substrate. Wetzel et al. (1995) , using radiolabeled humic substances, showed that numerous small fatty acids are produced upon exposure to solar radiation and that these compounds are used by the bacterial community. No additional nutrients were added to the batch cultures with the humic and the nonhumic substrates. Nevertheless, the bacterial yields from both fractions were similar and, if summed, were much higher than the yield from unfractionated DOC (Fig. 7, Table 2 ). Possible explanations for this growth pattern could be (1) contamination during the extraction procedure, (2) chemical alteration of DOC during extraction due to pH changes that could make DOC more easily utilizable, and (3) a growth-inhibitory effect of some compounds present in unfractionated DOC that are not active in fractionated DOC. Contamination during the extraction procedure seems unlikely because all the controls with distilled water did not indicate any nutrient input. The changes in pH during fractionation, however, might cause increased availability of the substrate. Moreover, growth-inhibiting substances that may be present in unfractionated DOC may be effective after fractionation due to changes in pH or retention on the resin.
While exposure of DOC to solar radiation increased its availability for bacterioplankton, direct exposure of bacteria to UV radiation leads to a reduction in bacterial activity. As shown in this and in previous studies (Herndl et al. 1993; Mtiller-Niklas et al. 1995; Kaiser and Herndl 1997) , bacterial activity in the surface layer is reduced by more than 52% as compared to activity in the dark. The reduction in bacterial activity in the absence of UVB is only 38% (Fig. 8) . Windinduced mixing of the water column, however, transports water from the surface to deeper layers and vice versa; therefore, the spectral composition of the radiation changes due to differential attenuation of different wavelengths (Fig. 2 ) (Kirk 1994; Morris et al. 1995) . Changes in the spectral composition in humic-rich lakes are rapid, and transport below 10 cm depth is sufficient to eliminate the entire UVB range. Thus, in a mixed water column, bacteria and DOM are subjected to continuously changing radiation regimes.
It is well documented that photoenzymatic repair is, along with the nucleotide excision repair, the most important mechanism in bacteria to repair DNA damage (Friedberg 1985) . Recently, it has been shown that UVA and shortwavelength PAR are efficiently used for recovery from UV stress (Kaiser and Herndl 1997) . In the present study there is evidence that the radiation regime in deeper layers (5-20-cm depth in Lake Neusiedl) is used to recover from UV stress. Previously UV-exposed bacteria that were incubated in the dark showed significantly lower activity than bacteria receiving the natural spectrum of radiation at 5-20-cm depth (Fig. 8) . Thus, mixing of the water column might transport photolyzed DOM along with UV-stressed bacteria from the surface to deeper layers where UVB is largely attenuated, but sufficient long-wavelength UVA and short-wavelength PAR are available to allow rapid repair of DNA damage and to utilize the photolysis products of DOM.
Humic-rich lakes are frequently considered as heterotrophic systems (Tranvik 1990; Wetzel 1992) . In terms of oxygen consumed per carbon available, we obtained undersurface solar radiation, on average, sixfold higher photochemical oxygen consumption for the humic fraction (2.54 + 1.27 pm01 0, mmol I C h-l) than for the dark bacterial oxygen consumption (0.42 + 0.32 pm01 0, mmol I C h-l) (Fig. 5A) . Assuming a mean photoperiod of: 8 h and a 5-cm layer as representative for our photochemical oxygen consumption rates, we can roughly estimate the residence time for the humic, nonhumic, and unfractionated DOC by taking the mean concentrations of the different DOC fractions derived from Fig. 3 and the mean oxygen consumption rates derived from Fig. 4A . Based on these data and assuming a DOC : 0, ratio of 1.1, we arrive at an average residence time due to photochemical oxygen consumption of 90 d for the nonhumic, 45.5 d for the humic, and 75 d for the unfractionated DOC in the top 5 cm layer of Lake Neusiedl. Evaluating the role of photochemical oxygen consumption for the entire mineralization activity of the water column (assuming a mean water column depth of 1 m at the study site), we estimate that -10% of the remineralization activity (bacterial respiration + photochemical oxygen consumption) of the water column is due to photooxidation of DOC. The total amount of carbon remineralized amounts to -26.9 mmol C m 2 d-l. Given a mean DOC concentration of the water column of 2,180 mmol C m-2, the mean residence of the DOC in the pond inside the reed belt of Lake Neusiedl is -80 d.
